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THE PARAMETERISATION OF METAL CENTRED REDOX COUPLES

By A. B. P. Lever,
DepL of Chemisty
York University,
North York (Toronto),
Ontario, Canadai, MYJ IP3.

1. Introduction

Crystal field theory played a dominant role, from the 1950s, in the renaissance of inorganic
chmsr. Its ability to reproduce the d-d (crystal field) spectra of almost any metal complex, through

combination of geometry and the use of simple equations involving the crystal field parameter, Dq,
made a major impact on the field [1].

The success of this theory is owed to the Ug oheicalki of ligands in which..
1) T7he relative position of any ligand in the Series is independent of the metal ion to which it is

attached, and
2) The contribution of a set of n uigands is additive, i.e. is obtained by summing the Dq

contribution of each ligandL
The question then arises - could one create an lgohmc Sisofiadwthpree,

say, EL(L), which could be used to reproduce any metal-centred redox potential, E(M(m + un)) in a
genea complex MXIYyZ~, from a weighted sum of EL(L) parameters,

Le. in this case,IXEEL(L))] - x EL(X) + y EL(Y) + z EL(Z).

Such a Series would clearly be invaluable for reasons which will be detailed later. On the face of
it, this sounds like a difficult proposition, because the EerchmalSeries would have to meet both
the criteria expounded for the Spectrochemical Series, otherwise it would not work, or would have
many exceptions.

One may expect, for example, that the sequence of EL(L) values for a soft metal ion, such as
Cr(O) would surely be different than for a hard metal ion such as Ta(V), L~e. the old idea that soft
Uganda prefer to bind to soft metal ions, and hard Uiganda to hard metal ions, would surely mitigate
against criterion number 1 above, being valid for electrochemical potentials. That this does not appear
to bethe case, atlIng within the framework of this model, is one of the more important and
revolutionary ideas to come out of this analysis.

Historicafly there is a precedent for the additive nature of ectoemalpotentials stemming
from the work of Pickett, Pletcher, Fenske, Chatt and Treichel between 972 and 1980 [2-8] and
summarised by Burstem (91 and Chatt (101 with more recent contributions from Pombeiro 1111.

Blasically, they demonstrate that if one successively substituted a cafbonyl species, say Cr(CO),
by ligands 1, to form Cr(CO)X Cr(CO)3 L etc., one may write an equation for the oxidation
potential in this caue E(CrQA)Th-

E(ox) -A +n(dE 0/dn) + Cy(1

where dEP/dn is the chanige in potential upon replacement of n CO groups by n figanda, and A and C
are constants. A ligan parameter, PL was defined (10, 12,131 where, for example,
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PL - Ev2(Cr(CO)61 - EV2[Cr(CO)5 L! (2)

with some additional refinements to which the reader is referred [111. We also note an early recognition
that Ru(II/II) potentials correlate with PL values 1141. Thus, ligand additivity does have apparent
validity, at least within a fairly narrow group of organometallic complexes. Yet the model, represented
by equations (1,2) has not been developed in any detail, and to date, there are only about 20 ligands for
which PL parameters have been derived.

2. Standardization

We therefore seek a more broadly based procedure, standardisation, which would permit this
theory to be used widely both in organometc and coordination chemistry.

A standard must have certain charaderistics-
i) be available for a very wide range of ligands, ii) be electrochemically reversible, or at least

quasi-reversible, and be largely solvent independent (except for the special case of water), iii) have
potentials which are largely independent of stereochemistry (e.g. gj. tia =L f" etc) and
independent of overall charge Le. it should not matter whether we deal with M6 1 or [MLVW 3 .

The "obvious" choice to fit these criteria, is the E(Ru(U/I)) couple which is known for a very
large number of complexes and usually meets the other criteria listed above.

Thus we define a parameter for the infamous [Ru(bpy)312+ ion (bp - 2, 'bipyridine) suc
that-

EL(bpy) - 1/6 E(Ru(m/H))[Ru(bpy)] + (3)

and where all potentials refer to NHE. The factor 1/6 is employed because there are 6 identical Ru-N
bonds in the [Ru(bpV)3j2 + ion. It is evident that the sum, 6 EL(bpy), reproduces the Ru(lUI/I)
potential for the [Ru(bpy,] 2 + ion.

If we now consider species such as Ru(bpy) 2 L2 , Ru(bpy)L4 or indeed RuL6, their Ru(IiI[I)
potentials are reproduced by.

E(obs) - 4 EL(bpy) + 2 EL(L)
E(obs) - 2 EL(bpy) + 4 EL(L)
E(obs) - 6 EL(L) (4)

respectively. Thus, the observed elerochemical potential for the general complex RuXxYyZZ is given

E(obs) - xEL(X) + yEL(Y) + z EL(Z) - [EEL(L)i (5)

and it is dear that from an extensive database of ruthenium complexes, with known Ru(Il/ll)
potentials, one may derive EL(L) values for a large number of different ligands. Where a given L
appears in many different complexes, values of EL(L) are averaged to give the best fit to the data. In
this fashion, EL(L) values have now been reported for over 200 different ligands [151.

3. Procedure and Experimental Results

We may now take any general metal complex, MXYyA z (not necessarily ruthenium) and write,
for any observed potential (e g M(MU/), or M(1/) etc.):



wVa. o .ulnrauoc ]hacc* 1 /9Z --.3--...

e(obs) -SMIEL(L) I + IM (6)

where SM, the slope and IM, the intercept would be I and 0 for the specific case of the Ru(m/1l)
couple in a ruthenium =ompiux (an an organic solve), but differ from I and zero in the general case.
Equado (6) represents a plot of any observed metal-centred red= potential for the general peci
MxKYyZL against the calculated Ru(flh/U potential for the crrePsponn* RuXzYA species (which
does not in fadl have to exist).

If this procedure is to be success, then equation (6) must be valid, linear, for a wide range of
metal complexes. in many oxidation states. This is seen to be the case. Data for Os(IMM/fl), Fe(IIl/M),
Cr(m/), Mn(U/l, CrQA), Mo(L0), Nb(V/IV), Nb(V/M), Ta(V/V, ReV/m) are shown in Fures
3 -10 of the original publicWon [L, with sopes and intercepts listed in Table 1. Some additional data
for Ru(IV/H) and OsPIE) am shown her in Figures 11

Our study shows that for most complexes, good linear correlations ar indeed obsevved (with
equation (6)), with no siilan dependence upon the orgnic solvvt, unless special sovatochromic
phenomena are present, and no significant dependence upon the overall net charge (e.g between
a(Mxm and NY 6 j=) in organic solvets.

3

2.5
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0 Rum Ru -2-
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Fiure I A plot of R(IV/I) and RuMu) Figure 2 A plot of Os(rV/H1) and os(WU)
potentals in organic phase, vs, [EL(L) potentials in organic phase, vs I[ZEL(L)I.
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Water, however, is a special case. Thus SM and IM values, listed in Table 1, are different in
water from their values in a general organic solvent, and are strongly dependent upon net charge. Thus
if the net charge is kept constant, (e4. all [MXzYyZj 2 +) good linear correlations are also observed
for aqueous phase couples.

Since the electrode potential is determined, at least in part (see section D, (a) below) by the
relative binding energies of the Uganda L to the metal ion in the lower and upper oxidation states, the
SM and IM values in equation (6) should be dependent upon:
i) the coordination number, and the stereochemistry of the two species MLnm + 1 and MLnm, ii) the
spin states of MLnn + 1 and MLnm, and iii) the pair of oxidation states involvd. i.e. the value of m.

Data have been collected almost exclusively for six coordinate (n = 6) oaheda species. Thus
the major variable is spin state and indeed (see Table 1) the magnitudes of the SM and IM parameters
do depend upon spin state, where, for example, the low spin Fe(l)/high spin Fe(II) potentials have
different SM and IM values from the low spin Fe(UI)/iow spin Fe(1) potentials.

They also, obviously, must depend upon the specific pair of oxidation states involved, but this
raises some intriguing questions, to which we return later.

A very large body of data was presented in ret [1 clearly legamising the approach and showing
indeed that an Electrochemical Series of liganda can be derived.

3.1 RANGE OF LEGITIMACY

Most of the complexes studied to date involve redox processes occurring at the to. sub-shell, i.e.
involving dw electrons. High spin Fe(U), Fe(I) and Cr(II) are the only species to involve do"

electrons for which SM and IM values are so far reported. It was also a primary requirement in
colecting the data for this analysis that the redox couples were all electrochemically reversible; the
absence of many do redox processes from the correlation reflects the fact that these processes are
often irreversible and that extended sets of electrochemical do * data are absent from the literature
(became they are irreversible ?).
Using the SM and 1M values for a specific redox couple with the appropriate EL(L)
values (videinfra) th1n allows one to calculate the redox potential, vs NE, for any
metal eomiplez and any redox couple where the necessary parameters have been
reported.

Home there are cavcmstances where the calculated result may differ from that experimentally
observed. These might be subdivided into two sets, intrinsic or extrumic. Intrinsic situations are those
where the actual mqagntude of the potential does differ from the calculated value because for example:

a) there ae strong synergistic interactions between between pairs of liand via the metal such
that their EL(L) values an modifie b) there an redox active ('uo-inoocen) lganda present, e-g.
quinoes, NO, c) a bulky lipnd causes a steric interaction which interferes with the EL contribution of
another ignd (e4 2,2' erpidue is a problem in this respect), d) the case of macrocydes where
the hoe saim is an impostant faor in determining the metal Ugand binding enery, and hence EL(L) is
not traniferbW

Extrisc facto are those where one is, in fact, calculatin the true redox potential, but the
measured experimeatal value reflects complicating external physical or chemical factors, the most
obvious one bein a kietic ootribtioa, frm whatever came, to the measured redox potentiaL Such
problem migt wi becas: a) the redo poteatib e particularly solvent dependent, b) equilibria
are preseat in either oidation state Mm -1, or Mm, say where MXZYy depends upon the bulk
concentration of X or Y, eg. where X and/or Y are solvolysed rapidly, or where, for example, a
supporting electrolyte ion, or solvent molecule, might bind to the metal son in one of its oidation states,
or in general, amy coupled chemical reactions whic change the inne shell of the metal ion in either
oxidtion state. Clearly one should aim take the positive view that such deviations between observed
and calculated redo potentials provide a due that one or more of the above effects is present and may
lead to as estimate of its eneW contribution.
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Table 1 Slope and Intercept Dataa, Volts vs NHE

Slope [ntercept R.b #c Solent

Chromium Cr(UI)/Cr(U)(LS) 1.18 -1.72 0.98 14 Organic
Chromium Cr(Ill)/Cr(il)(LS) 0.575 -1.12 0.98 8 Water
Chromium Cr(Ml)ICr(HI)(HS) 0.84 -1.18 0.98 14 orgai
Chromium Cr(ICr(0) 0.32 -1.75 0.97 39 Organic

Iron Fe(II)IFe(U1)(LS) 0.68 0.24 0.99 24 Water
Iro Fe(UI/Fe(U)(IS) 1.10 -.43 0.99 14 Organic
Iron Fe(UI)/Fe(U)(HS) 0.89 -025 0.99 8 Organic

Manganese Mn(II)(Mn(I) 0.81 -1.6 0.99 23 Organic

Molybdenum Mo(l)/Mo(0) 0.74 -2.25 0.99 24 Organic

Niobium Nb(V)/Nb(IV 0.76 1.24 0.999 3 Organic
Niobium Nb(Iv/Nb(Urf) 0.75 -0.12 0.999 3 Organic

Osmium OsQ)OsqU 0.93 1.0 0.97 25 Organic
Osmium Os(UI)/Os(II) 1L01 -0.40 0.98 s0 Organic
Osmium os/s( ) 1.61 -1.30 0.99 18 Water

Rhenium ReQIV)/Re-(I) 0.85 0.50 0.98 18 Organic
Rhenium, Re(Iil/R(U) 1.17 -0.8 0.97 22 Organic
Rhenium Re(il)/Re(I upper 0.76 -0.95 0.96 59 Organic
Rhemnu Re(U)/Re(I) low 0.27 -1.43 0.76 12 Organic

Ruthenium RuQIV)/Ru(UJ 0.96 1.81) 0.94 22 Organic
Ruthenium RuII)/Ru(IJ 1 0 1 - Orgaic
Ruthenium Ru(il)/RuQI) 1.14 -0.35 0.97 44 Water

Tantalom Ta(V~taQV) 0.78 0.64 0.98 5 Organic:

a) All sax coordinate LS - low spin, HS -high spin. b) Correlation coefficient. c) Number of
data poiwL e) by dehiiti..

3.2 MAGNITUDE OF THE EL(L) PARAMETERS

The EL(L) paramters range in magnitude from about -0.6 for very soft anionic species toO0 to
0.3 for mws amines, to 0.99 for carbon monomide and greater than 2 for the nitrosonium cation. In
particular, owe may establkih relatively narrow ranges for specific groups of ugand:
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EL(L) -063 - > 0 V
OH', most Xn" ions, including S anions, strong -bases.
EL(L) 0 ----- > 0.1V
Saturated amines fall into a fairly narrow range, weakly w-acid unsaturated amines.
EL(L) 0.1 -- > 0.40 V
Unsaturated amines of stronger w-acid character, pyridines, bipyridines etc.
EL(L) 0.30- > 0.40 V
Hard thioethers, nitriles, softer phosphines.
EL(L) 0.35 -- > 0.50 V
Isonitriles, harder phosphines, arsine, stibines, softer phosphites.
EL(L) 0.50 -- > 0.65 V
harder phosphites.
EL(L) 0.65 -- > 0.75 V
Dinitrogen, nitrites.
EL(L) 0.70 -- > 0.95 V
Positively charged igands, n-acid olefins.
EL(L) > 0.9 V
CO, NO +
Therefore, even if a particular ligand does not have a tabulated EL(L) value (in (151), a rough

estimate can generally be made.

3.3 PROBLEMS WITH STEREOCHEMISTRY

In the case of most coordination complexes (as distinct from organometallic complexes),
cisr mer/fac isomers etc usually have similar potentials. Thus equation (6) can be used without
concern as to the mutual arrangements of the ligands. This is often not true for organometallic species
where differences may be 0.1 - 0.5 V. Fenske [41 developed a correction for the HOMO energy of a
carbonyl complex in terms of the number of carbonyl x orbitals interacting with the HOMO. In the
case of a d6 M(CO)6 species, all three t2g orbitals (degenerate HOMO) interact with 4 CO w orbitals,
while for W.ans-ML 4(CO)2 species, the t will split commonly to place d(xy) (HOMO) above d(xzyz).
This djxy) will not interact with CO it . milarly, for d&-ML 4 (CO)2 the d(xz,yz)(HOMO) will have 1
CO n interaction per orbital. Since the stabilisation of the HOMO is related both to the number of
CO groups bonded thereto and the relevant potential (4,91, one introduces, into equation (6), a variable
x such that for the carbonyl species under discussion, equation (6) is replaced by [15b]:-

Eobs - SM[EEL(L) + qx] + IM  (7)

where q - 4, 0 and 1 respectively for the hexacarbony, trans and ji dicarboyl.
In practice, only CO and the isonitrile ligand appear to require this type of stereochemical

correction. For complews containing both these ligands, a double correction must be imposed, viz:

Eobs - SM4ZEL(L)+ qz + q'y] + IM  (8)

A Table of corrections (q and q' values) for all common stereochemistries is shown in ref. [15,
Table 1II]. Commonly, for low valent carbonyl species, x is of the order of 0 - 0.1 V per
HOMO-interacting CO, while y can be larger, as much as 02 -03 V per HOMO-interacting isonitrile
group. The isonitrile is a special case since they may be linear or bent and the electron distribution on
the species does depend upon this geometry, Le. one may suppose that the y correction allows for some
variation of EL(isonitrile) value with the geometry of the metal-isonitrile bonding.
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4. Slgificance and Application

4.1 SLOPE AND INTERCEPT

4.1.1. Preamble
Electrode potentials, for say M,6m + 1/MNL6m, may be thought of as being determined by the

relative stability constants for formation, in the gas phase, of the ML6 species in each oxidation state,
and by the differential solvation free energies of each species in solution. The lack of dramatic
variations in redox potential from one ri solvent to another, and the lack of any major
dependence, in organa solvent, of the redox potential on the net charge of an ion argues for this
differential solvation energy to be rather small, or relatively constant from one organic solvent to
another, or possibly with magnitude scaled by the [Z EL(L)] value. Thus arguments based upon changes
in relative binding energy are probably valid.

This issue has been considered in some detail [16-181, where, when dealing with aqueous phase
electrode potentials, on the other hand, it is emphasized (181 that differential solvation free energy
terms can be very large, and certainly very dependent upon net charge.

4.12 Slope data in organic solvents.
A slope, SM, of unity, for dependence of the given [M16Jm + t/[4Lm couple upon E E(L)]

requires that the ratio of the stability constants (binding energies) for formation of [ML6Jm + I and
[ML]m is the same as the ratio for binding of the same igands to Ru(Im) and Ru(U), for all ligands.

Slopes greater than unity require that, relative to the Ru(IHII) ratio, there is preferential
binding to the lower oxidation state, (M m, and conversely for slopes less than unity.

4.13. Slope data in aqueous phase.
It is difficul to draw conclusions because of the dominance of the solvation free energy term.

However, it is probable that the argument used above for the orjganic solvents, can be used if one, say,
compares aqueous phase data for the general species [ML 16]+ with data for dipositively charged
ruthenium species in aqueous medium. Thus SM for the OsMIl/l) couple, (derived from dipositively
charged Os(1I) species) in water is 1.61, compared with 1.14 for the Ru(IilI) couple (derived from
dipmitvely charged Ru(H) species. +

Thus, in water, [Os(If)L6]2+ species are more stable than [Ru(II)L6+ species, relative to
their M(I) partners. The reason is not known but one may speculate that hydrogen bonding is more
important to the lower oKatim tate, because of overall charge considerations, and that the larger size
of the Os(fl) core allows water to penetrate the coordination sphere to a greater degree than in the case
of Ru(lU).

4.L4. Intercept.

We may choose to write the potentia-

Eobs - a + b + c + SM[EL(L)) (9)

where a is the Mm + 1/Mm kuisatin energy in the gas phase. The variable b (always negative) could
be defined similarly to the spherical electrosatic term in aystal field theory raising all the energy levels
to the same degree determined by n, the number of ligands and a consequence of the electrostatic
repulsion between ligand lone pair and metal d electrons. Note, however, that in this development, nb
will be defined as the differenc between the spherical terms for the oxidised and reduced species.
Variable c (either sign) contains contnibutions from the reference electrode and the differential
solvation free enerfk of the two redoxstates, thus IM - a+nb+c.

For a given redow couple, a is a constant. The lack of solvent dependence (in organic solvents)
sugests that c is approximately constant (for a given system) and therefore the existence of linear
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corlations (Equation (7)) suggests that the differential spherical term nb is also reasonably constant,
for a given redoz couple. Alternatively, the invariance of IM may reflect that the term nb is itself
linearly dependent upon [ZELI(L)J. Further information concerning this term can be derived from
redo: potentials of other coordination numbers (varying n) once sufficient data ae available.

The value of b will vary with different metals and with different oxidation states of the same
metal The variation in a, with oxidation couple, makes a major contribution to the magnitude of the
intercept, and is responsible, for example, for the larger negative values derived for low oxidation state
couples.

4.1.4. Slope as a function of oxidation state
Clearly the slope, SM, (of eqn. (6)) can be expected to change from one metal centre to another,

but what about when chansins oxidation state but keeping the metal centre constant ? In the initial
publication [15, we reported that Nb(V/IV) and Nb(IV/IH) do have the same slope, but only very
limited data were available. Two data sets were reported for Cr(Uh/H) for low spin and high spin Cr(l).
The SM value for low spin d4 Cr(lfl/ll) (0.57) is exper t almost indistnusae from that for
Cr()) (0.52).

Is this a general result ? We report here data for the Ru(IV/II) and Os(IV/UI) couples, (Figures
1,2). The fines are indeed almost parallel with the correspooding M(MA) fins (Figure 1).

Meanwhile an analysis of the electrochemistry of rhenium couples [211 (discussed further below)
(Figue 3), shows that the Re(IV/UI) (sM - 0.86) and (upper) Re(nI (SM - 0.76) correlations are
approximately parallel but with greater deviation for Re(IfI/lI) (SM - L17).

Carke reported data for Tc(IV/M), Tc(IM) and Tc(UI [20, with SM values of 10. 13 amd
14, the last pair, in particular, being almost parallel gen the experimental scatter (see Figure 2 in [21D.

Trhus there are sufficient data to tentatively conclude that pairs of redo: couples of the same
metal ion, will often have similar SM values, i.e. be approximately parallel, though this will not
exclusively be true.

Ti is a significant observation which indicates that ratios of the binding constants to the upper
and lower oxidation states of pairs of couples, e.g. Ru(VIIV), Ru(IV/I) and Ru(UIMI), are closely
similar, for all ligands (except those for which there are special problems (identified above)).

4.2 THE RHENIUM STORY

A considerable body of data exists for rhenium redo: couples [211. There are additional
complexities in that seven coordinate Re(I) (d4) species are known. In a few cases [21, six coordinate
Re() complexes may bind solvent or electrolyte to generate a seven coordinate species whose
formation will lead, obviously, to an anomalous potential. Nevertheless, the Re(IV/m) line is
well-behaved and the Re(MhD, subject to the above proviso, is also quite well behaved (Figure 3);
however they me not parallel.

Strikinl , the Re(flll) correlation breaks down into two separated lines, with a break near
[ZEL(L)I - ca. 1.5 (igure 3). Had the upper line been extended to values of [ZEL(L)] ca 0 then the
two lines would have crossed and two-electron couples (Re(MJ)) would have been observed. This i
avoidedby complens with [Z EL(L)] < 15 faling on the lower Re(U/I) line.

Complems on the lower line are substantially more stable in the Rep1) oxidation state (or less
stable in the Re() oxidation state) than they would have been, had they fallen on the upper line. The
reason for th is by no means clear. Arguments should be based upon spin state, coordination number
or stereochemistry. The most likely possibility is a change in stereochemistry, perhaps from octahedral
to trigonal prismatic, from the upper to the lower line. However this explanation is only favoured in the
sense that arguments based upon spin state or coordination number variations seem less tenable.



vi.ui bintrae.ioc marcn 15/92

20 3 CpRu
00 1.0'1 

0

0

Ia Slope 1.62
;0.5

-0.0

0 0.0 Me.Cp~n

-0* A" * 4 Slope 2.8
OMWtal~ -0.51

0.4 0.6 0.8 2.0 2.2 2.4 2.6
EEL. ft,.m,

Figure 3. A plot of Re(IV/lII), ReOihlI and Figure 4. A plot of cylopentadienyfruthenium
Re(IlII) potentials in organic phase, vs (Ru(U)) andpntmhcyonadnl
(EEL(L)j. manganese (MnWI) rdipotentIs versus

(ZEL(L)i in organic phase (data from
123-26D.

4.3 CYCLOPENTADIENY SYSTEMS

Redox potentials ofc cldopentadien (and other artne Hgand)l complexs have been studied in
soedepth by Strelets 1221 whbo documented wl behaved variations with properties such as the

ionization potential of the metaL No intensive analysis of such eerchmcldata has yet been
attempted with EL(L). Clearl the Cp unit will modify the metal ion dramaticaly and one does not
expect CpMLX complexe to W on the same correlation lInes as non-Cp containing organometalhc or
coordination complexe of the same metaL

As examples we show im Figure 4 [data from 23-26j, a plot of data for rutheniium and manganese
Cp species, with variation of t other Igands bound to these RuCp and MnCp cores. Mlarty they are
well behaved but the slope amo dramatically greater than for any other corelations yet demonstrated.
Further studies arm necessary, but it appears Wiat the Cp unit renders the centra metal atome very much
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more polaris"l by the other igands, than in its absence.

4.4 FUTURE APPUCATIONS

Electrochenical potentials have, in the literature, been correlated with many chemical and
physical propertes, eg. IR stretching frequencies in nitrosyls or dinitrogen dervatives, photolectron,
core binding energies, metal to ligand charge transfer transition (MLCT) energies, ligand redoz
potentials, plC, values of related Uganda, Hammett o -parameters for substituted ligmnds and some rate
constaints, etc. One my therefore expect similar correlations with the EL(L) parameter. We do no
labour this point here, but note that one may be able to derive more useful fundamental information if
the correlation is made directly with the ELML parameter than with a gross metal redox: potential.
Some possible, examples are shown here, in a wry preliminary form, in order to encourage researchers
to explore these opportunities.

1.0 R-Triazene -' -oxides

2100 0

Tolman lectronic Factor

VS EL0.5

a I
00 E

6 -0.5

-1.0

20501 R-Quirionedurmifles
0.2 0.3 0.4 0.5 0.8 1

-150.1 0.0 0.1 0.2 0.3 0.4

EEC Fwano

Figure S. A plot of Tolman-Bartik electronic Figur 6. A plot of Hammett ovalues, versus
factors vs. [Z EL(L)I. (ZE E(L)j for ruthenium complexes

(Rut111111)) of triazene- 1-oxides and
quimonedfiiine species (data from [14,30D.



44.L Tolman-Dartik electronic factors
Tolman initroducd 1271 electronic factofs, X U for phosphine and phosphite ligands based upon

the totally symmetric CO stretching vibation in a phosphine nickel tricarbony1 derivative. More
recently Bartik and co-workers have established this correlation more accurately (281. Ihesa
pairameters, together with Tolman's cone angle data, have been of great utility in understanding the
chemistry and dynamics of phospuine complexes.

One can expect a correlation between EL(L) and X L and this is shown in Figure S. This is a
prelinminary analysis to show the validity of this correlation which will be explored in more detail [291.
Once the connection between the two parameters has been well established, it can be used to derive
electronic factors for a range of other related Stgands, such as chelating diphosphines for which the
Tolman analysis based on a nsnpopienickel tricarbonyl is unusable.

4.4.2. Hammett a -factors.
Clearly one can expect a good correlation with EL(L). Two examples are shown in Figure 6, for

some substituted triazene.1-oides [141 Ad uinodiimines [301. ThU value of such plots lies in the
analysis of thirk slope providing a two-dimensional picture of the changes of electronic structure which
occur upon changing the substituenL.

1.5

20 ~~~se Data
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Nitrosil are c~0.5 .circles

E =257 & 0.0z L
0.

0A

& 0.-0.
2 3

EE 3 2 3 4 5 6_________

EEL "ws~t'

Frgures 7,8. Plots of Cr(JA) and Mo(iU) redox data for for some organometallic species, showing
nitos~-cotaiingspecies as large open circles, for clarity (dat from 1,32l.
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4.4A3 Nitrsyl cainles
N*Arosyk present a special chafleag since they ame non-innocnt (redox active) and the ligand.

orbitals generally mix strongy with metal orbitals such that redoz processes are often not dlearly
centered on metal at NO. Given that NO can bind, forumally, as NO +, NO or NO% a wide variation in
EL(NO) can be expected. Thus the ELML va could be a useful new tool to understand nitros$
chemistry, though its applicatio may be difit to handle.

Fgre 7,8 shows plots o( data for 4hronium and molybenum nitrosyl species; the slope with
EL(L) is essentiafly the sam as for non-NO species. Thus, in Figure 7.8 [data from 10,31M32 , a value
for EL(NO) is used which will cause the nitrosyl complexes to fit the correlation line. This Yields
EL(NO +) - 2M5- 257 for both metal ions. Value in the range 1.2 - 1A for EL(NO +), have been
describd by Clarke (331 for some technetium nitrosyi derivative&. This area would benefit from a
detaled nys

18P*(CMSO)ClY.

Pt-s
2.20

- ££ Kkushkifl Of 31.

a

TcN

14 1.75

1.70 -2.5 3.0 3.5 40 0. . 81
EEL rEpw~

Figure9. A pot ofthe emissonenergies Figure 10. A plot of Pt-S bond lengths in
(corrected) for Re(CO) 3(bpy)L with varying Pt(DMSO)Ct L vs. EL(L) (381 and of Tc-N
L vs [E EL(L)1 (data from 135-37D. bond lengths an some technetium NO and NS

complexe versus (Z EL(L) 1 391.
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4.4.4 Emission
The many correlations of electrochemical potentials with MLCr transition energies [eg. 34]

could be transcribed into EL(L) plots to yield rather obvious relationships which would allow the
prediction of excited state redox potentials based upon EL(L) parameters and ligand reduction
potentials. Of more potential value is the analysis of emission energies, necessarily for a given ligand,
when bound to a metal atom to which is attached a series of other (spectator) ligands. An example is
shown in Figure 9 for emission from Re(CO) 3(bpy)L species as a function of widely varying ligand L
[35-371. Unlike the cue with the MLCT excitation energies, which are Franck-Condon in nature, this
plot correlates the equilibrated Cr excited state energy versus the [E EL(L) parameter.

The slope is dependent both on the relative binding of ligand L to the lower and upper oxidation
states of the metal, and also upon the relative binding of ligand L, and its reduced species, V, to the
metal upper oxidation state.

4.4.5. Meta-ligand bond distances
Two groups have reported noting a correlation between certain metal-ligand bond distances, and

EL(L). Thus the Pt-S bond in Pt(DMSO)C12L varies linearly with EL(L) [38] (Figure 9) and the
Tc-NX (X - 0,S) varies linearly with [EEL(L)] (for complex, all ligands excluding EL(NO)) in
technetium nitrosyl derivatives (391 (FIgre 10). These observations are noted with great interest and
one expects further examples to be found. Such structural relationships with EL(L) are of especial
importance in the further understanding of these useful parameters.

4.4.6. Hydrogen and Hydride Complexes.
The hydride ion is an interesting ligand but its analysis by this EL(L) method is made difficult by

its non-innocent nature and by the observation, generally, of irreversible redox processes. A& and
Morris [40] have studied the chemistry of coordinated dihydrogen complexes and have shown a
relationship between the pKa(Ru(H 2) + ) and the anodic potential for oxidation of the complex. They
used the EL(L) parameters to show that available (irreversible) redox data for CpRuH(X)(Y) species
could be fitted on the bass of the sum of nan-hydrogen figands (assuming a value for EL(Cp)). With
wide variation of ligands XY, the H2 complexes may exhibit characteristics of either coordinated
dihydrogen or di-hydride. There is a narrow range of possible energies for the t2 , electrons, as probed
by electrochemistry, independent of the metal ion, where stable bonding othe q12.H; ligand is
possible, at 250 C. Using the EL(L) model, Morris [40,411 has reationalised this chemistry m terms of
the stability of the di-hydrogei complex and its chemical reactivity.

S. Summary

EL(L) parameters permit one to.-
a) predict the redox potential of given metal couples when structural and spin state information

are availa In a comple vltammogam this will aid in redox couple assignment;
b) predict structure and spin state for a metal complex through fitting its observed redox

potential to a previos creldtio;
c) calculate the thermodynamic value for a redox couple when kinetic effects or coupled

chemical reactions, etc, prevent itIrom beg axperimentally derive
d) design a metal complex to have a specific redoz potenal;
e) obtain bonding or structural information where predicted values disagree with the

expeimetalvalue, (synergism, non-inocence etc);
f) through detailed analysis of the slopes and intercepts, obtain additional insight into the nature

of the metal-Egmnd bond.
Extenion to the types of example shown above in section 4.4 sugests that it may be possible to
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derive new information which cannot readily be obtained with the previous type of electrochemical
analysis. In particular, further studies of the dependence of [EEL(L)J upon excited state energies, bond
distances and non-innocent ipgand behaviour is clearly desirable.

6. Acknowhedgemets.

The author is grateful to the Natural Sciences and Engineering Research Council (Ottawa) and
the Office of Naval Research (Washington) for continued support of his work.

7. Bibliography

1. A. B. P. Lever, "Inorganic Electronic Spectroscopy", Elsevier, Amsterdam, 1st Edn 1968, 2nd Edn.
1984.
2. P. M. Treichel, G. E. Dureen, and H. J. Much, J.Oraomet.Chem 1972, 44 339.
3. P. M. Treichel, H. J. Much, and B. E. Bursten, IW1h.m 1976, 15. 253-257.
4. A. Sarapu, and R. F. Feaske, I smhe 1975, 14, 247-253.
5. C. J. Pickett, and D. Pletcher, J. 9rgoet. QM 1975, 1&2 327-333.
6. J. Chatt, C. T. Kan, G. J. Leigh, C. J. Pickett, and D. R. Stanley, J. Chem. Soc. Dalton. 1980, 2032.
7. P. M. Treichel, andG. J. Essenmacher, IBM 1976,11 146-150.
& P. M. Treichel, H. J. Much, and B. E. Bursten, Jl, r ,oe. Chem.. 1976, 110. C49.
9. B. E. Bursten, and M. R. Green, Pro'en lno.h 1988, %6 474.
10. J. Chart, Coot& Chem y 1M 4.337-34.
11. A. J. L Pombeiro, og= Eectrochhm Acts 1985, J, 41-66; A. J. L. Pombeiro,Inorgbim.
Ata. 1985, 13 95-103; A. J. L Pombeiro; C. J. Pickett, and R. L Richards, R.L. J. Omnomet. Chem-
198 a 285-294; M. Fernanda, N. N. Carvalho, and A. J. L Pombeiro, J. Chem. Soc. Dalton. 1989, 1209.
12. J. Chatt, W. Hussain, G. J. Leigh, H. M. A1l, C. J. Pickett, and D. A. Rankin, J.Chem.Soc. Dalton
1985, 1131-1136.
13. G. Hussain, G. J. Leigh, H. M. All, C. J. Pickett, and D. A. Rankin, J.Chem.Soc. Dalton. 1984,
1703.
14. S. Goswami, R. Mukherjee and A. Chakravorty, Inug,%km, 1983, _4 2825.
15 a) A. B. P. Lever, I" 190, 2. 1271;
15 b) Note that Eqs.(10) and (11) in rel5a] were incorrectly set in print; they should appear as

Eqs. (7) and (8) in this version.
16. D. D. Peroin, Rmv Pure AWoL Chem 19, &, 257.
17. A. A. Vkek, rrEM.~ Ch m 1963,1S 21L.

18. D. E. Richardson, In IM. 1990, . 3213.
19. C. M. Duff and G. A. Heath, J. Chem. Soc- Dalton Trans- 1990,2401.
20. J. Lu, A. Yaman ad M. Carke, h" .hm 1 1990, 2 3483.
21. A. B. P. Lever, k 1991, , 19W0.
22. V. V. Strelets and S. V. Kukhareako, DoL. Akad. Nauk. SSSR. 1984, = 894; V. V. Strelets,
coorda C0 ee.L92, 00M0000.
23. S. K. Mandal and A. R. Clikravarty, LmL J. Ce, 1990, 2&. 18.
24. L F. Szw a ad K. L Takeuchi, Inoldm 1990, V, 1772.
25. N. G. Conneily and M. D. KItchen, J. Chem. Soc.. Daltn. 1977,931.
26. J. W. Hershberger and J. K. Kochi, gy# i, 1983, 7, 929.

27. C. A. Tolman, Cm._Re 1977, 7. 313.
2X T. Bartik, T. Himmler, H-G. Schulte and K. Seevogel, J1.hn0 .t Che[m- 1984, = 29.

29. A. B. P. Lever, work in progress.
30. H. Mau and A. B. P. Lever, Chem1 to be submitted shortly.
31. D. E. Wigley and R. A. Walton, 0..Chem, 1983, 22. 3138.



v1.02 Sintra.doc march 15/92 --15--

32. W. E. Robinson, D. E. Wigley and R. A. Walton, Inor& 1985, 24. 918.

33. M. J. Clarke, personal communication 1991.
34. E. S. Dodsworth and A. B. P. Lever, ChmPb . 1986,124& 152.
35. A. J. Lees, Chem. Revs 1987, 8, 711.
36. J. W. Caspar, B. P. Sullan and T. J. Meyer, Iors Cbem 1984, - 2104.

37. L A. Stacksteder, A. P. Zipp, E. A. Brown, J. Streich, J. N. Demas and B. A. De Graft, r
Ce.1990, 2% 4335.

38. V. Y. Kukushkin, V. E. Konovalov, N. S. Panina and V. N. Yakovlcv, personal communication, 1991.

39. J. Lu and M. J. Clarke, J. Chem. Soc. Dalto' 1992, 000, and personal communication.

40. G. Jia and R. H. Morri J 1991, IA 875.

41. R. H. Morris, gh-m. 1992, IL 0000.


